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NOMENCLATURE

= azimuth

= semi-major axis

= distance of closest approach

= eccentricity

= altitude

= inclination

= pe riod

= radial distance

= time; a double subscript indicates a time increment

= velocity

= abort velocity impulse

= cartesian coordinates; usually earth equatorial inertial

= right ascension

= velocity flight path angle measured from the vertical

= declination

= true anomaly

= the angle between the pre-abort and post-abort
velocity vector at the abort point

= !ongitude

= latitude

= position of the ascending node

= argument of perigee

This document contains information affecting the national within the meaning of the Espionage Laws, Title
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Subscripts

Not e:

a

b

d

i

n

P

r

The following subscripts have been adopted for the above

set of parameters and are used where ambiguity may be
po s s ibl e.

= apogee

= abort trajectory and abort point

= lunar orbit deboost

= translunar injection

= nominal (or reference) trajectory

= perigee point

= re- entry point

T ra) ector 7 De si_nation

A, B, ---, E = the pre-abort trajectories resulting from translunar
injection.

M, N, ---, S = the pre-abort trajectories resulting from lunar orbit
deboost.

1, 2,3,---,8 = abort points on the pre-abort trajectory increasing
with time.
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I. INTRODUCTION AND SUMMARY

In accordance with the Bellcomm, Inc., Contract No. 10001, Space

Technology Laboratories, Inc., is pleased to submit the first deliverable

item associated with a preliminary Apollo abort analysis. This volume

contains the complete trajectory study performed to determine the abort

paths emanating from a nominal Apollo LOR trajectory during the trans-

lunar injection, translunar coast, and deboost into lunar parking orbit.

The study has been limited where applicable to analyses based on analytic

free flight simulation and impulsive velocity changes.

The nominal Apollo trajectory, which forms the study basis, is that

generated for LOR RTDP Issue 2 (Reference 1). This trajectory is con-

sidered suitable in the present study for the following reasons:

1) It represents a practical and typical free circumlunar trajectory
in the time period of interest in the Apollo program.

Z) It is a numerically integrated simulation and considers all signifi-
cant forces in powered and free flight. Also, powered flight
optimizations have been included at both translunar injection and
at deboost into the lunar parking orbit,

3) The inputs used to generate the reference trajectory are considered
to be the most recent data available for the Apollo mission.

It is realized that an abort analysis on a single trajectory does not

constitute a complete abort study, however, it is hoped that this study, by

indicating some gross properties of abort trajectories, will aid in laying

the groundwork of future analyses.

In this preliminary abort analysis, the following conditions for abort were

postulated:

t) Cessation of S-IVB thrust at various times during the lunar injection
maneuver. Reasons for thrust termination unknown and unimportant.

2) Unknown cause requiring an abort at points along the translunar phase
of the nominal free-flight circumlunar trajectory.

3) Cessation of the Service Module thrust at various times during deboost
into circular lunar orbit. Reasons for thrust termination unknown and

unimportant.

This document contains information affecting the national S within the meaning of the Espionage Laws, Title
18, U.S.C., Section 793 and 794, the transmission or revelation of to an unauthorized person is prohibited by law.
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Since situations I and 3 represent premature cutoff of powered flight,

it is clear that each cutoff time will result in a free flight trajectory with

significantly different characteristics. It is then necessary to abort out

of these "pre-abort" trajectories to return to the earth safely. For the

parametric study, about 6 pre-abort trajectories were propagated from

each of the above powered flight situations. On each pre-abort trajectory,

about 6 "abort-points" were selected at which up to 15,000 feet per second

impulsive velocity may be applied to return safely to earth. In the case of

situation Z, several abort points on the nominal trajectory, both in the earth

phase and the moon phase, were chosen for study.

The method used in this analysis has been to generate several abort

trajectories from each abort point. Considering that there are approxi-

mately 80 abort points and that an average of 10 abort trajectories were

found per abort point, it was necessary to generate these trajectories in

an efficient manner. This was accomplished by means of two analytic pro-

grams. A discussion and accuracy of these programs are presented in

Sections III. A and C.

All post-abort trajectories determined during this study have been con-

strained to re-enter the earth's atmosphere with a single common characteristic

namely, an inertial flight path angle of 96.4 degrees at 400,000 feet altitude. A

brief analysis was made using the methods of Reference (2) to determine the

acceptability of this choice over the range of re-entry velocities to be expected.

The result indicated that adoption of this angle does not obviously violate

spacecraft physical limitations. The choice of a single angle does, however,

eliminate the minor flexibility of post-abort trajectory configuration which

accrues to its being a selectable quantity.

The results of this study have been presented in the form of abort trajec-

tory characteristics at initiation and at re-entry as a function of the incremental

impulsive velocity applied at the abort point. The velocity required to effect

satisfactory abort trajectories has been compared with the capability of several

assumed spacecraft configurations (i. e. condition and sequence of operation of

stages) in order to evaluate limitations and emphasize minimum requirements.

This document contains information affecting the national States within the meaning of the Espionage Laws, Title
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Aside from the detailed quantitative description of abort trajectories, an

important result of this analysis has been the discovery that there are

significant minimum requirements for spacecraft condition particularly

with respect to returning from trajectories arising from a failure late in

the hyperbolic deboost maneuver. Further description of this problem is

given in Sections III.b and IV.

This document contains information affecting the natlonalrevelationdefen_States within the meaning of the Espionage Laws, Title
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II. ANALYSIS

A. Statement of the Problem

The purpose of this study has been to calculate and report the

characteristics of abort paths emanating from a portion of a selected Apollo

mission reference trajectory. Three phases of the mission have been con-

sidered for analysis: the S-IVB translunar injection maneuver, the nomi-

nal translunar free-flight trajectory, and the Service Module hyperbolic

deboost maneuver into circular lunar orbit. Abort trajectory analysis has

been made with analytic (conic and patched conic) and integrating computer

programs but has been limited to study of those effects produced by impul-

sive velocity addition.

The role of the selected reference trajectory, which is a numeri-

cally integrated launch-to-mission completion simulation has been to pro-

vide initial conditions along a self-consistent and realistic Apollo mission

designed for the lunar orbit rendezvous mode. The reference trajectory

is fully documented in Reference (1) and has the following general charac-

teristics pertinent to this study.

I) Launch from Cape Canaveral at 3h13 m53.s12 GMT_

January 28, 1963 on an azimuth of 90 degrees.

2) Earth parking orbit at i00 n. mi. altitude of approxi-

mately two revolutions duration.

3) Outbound leg of trajectory is so designed that it circum=

navigates the moon (79. 5 n. mi. pericynthion altitude)

without midcourse correction and returns to earth with

acceptable re-entry conditions.

4) An vv_..._,__,_,_-__A _,._.I..... deboost maneuver from the hyper-

bolic approach trajectory (i = 17Z deg) causes the space-

craft to enter an 80 n. mi. circular orbit which passes

over an assigned landing site (3°S, 28°W).

5) Time of flight fr_om launch to nominal pericynthion

passage is 2dZ0n37.mZ.

As used in this study, an abort trajectory associated with a power=

ed flight maneuver is understood to be composed of two parts: "pre-abort"

::::::,'oZ'.'".: 2" oft,.,.0,.°a0.T.,.This document contains information affecting the t • w ¢
18, U.S.C., Section 793 and 794, the transmission u person is prohibited by law.
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and "post-abort" (or simply abort). The pre-abort trajectory is the free-

flight path following premature powered flight cessation. As this pre-

abort trajectory is propagated forward in time_ various points are chosen

at which to initiate return to earth. The paths returning safely to earth

from these points are called post-abort trajectories. In the case of abort

from the nominal translunar free-flight trajectory, all paths are of the post-

abort variety.

Aside from a number of constraints and groundrules attending the

basic reference trajectory, there are some specific groundrules in effect

for this study.

l) &ll post-abort trajectories are determined by the applica-

cation of an instantaneous velocity vector change.

2) All post-abort trajectories are constrained to have an

inclination to the earth's equator equal to or less than

40 degrees.

3) All post-abort trajectories requiring more than 15,000

ft/sec initial velocity addition (or about 6000 ft/sec for

paths initiated after hyperbolic deboost failures) or re-

sulting in a re-entry velocity greater than 40,000 ft/sec

have been neglected.

4) All post-abort trajectories must result in safe re-entry.

With regard to the last item, all abort trajectories determined during this

analysis have been constrained to re-enter the earth's atmosphere with a

single common characteristic namely, an inertial flight path angle of 96. 4

deg at 400,000 ft altitude. Since this condition is forced to exist independ-

ent of other dynamical characteristics such as entry velocity, latitude,

longitude, and azimuth, the applicability of such a choice was examined.

From studies made, in support of Reference (i), with an integrating com-

puter program using a complete force model, it was found that this angle

produces acceptable atmospheric deceleration levels over a wide range of

re-entry maneuver angles for a near parabolic re-entry velocity and suit-

able ranges of the other parameters. To substantiate the usefulness of this

single angle for lesser values of entry velocity, data were generated for

skip and initial deceleration pulse boundaries (by the methods of Reference 2)

This document contains information affecting the national defenSew_tates within the meaning of the Espionage Laws, Tit|e
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in effect with the presently stated CM configuration(i.e., W/CDA = 57 lbs/

ft E, L/D = 0.4 max). These data are plotted in Figure 1 and show, in

general, that the higher the entry velocity the narrower the re'entry corri-

dor but that _ = 96.4deg is everywhere acceptable. The effects on this

corridor of other variable re-entry quantities were not investigated but

previous work in this connection for near parabolic entries suggests that

no compromise is necessary.

The influence of omitting re-entry flight path angle as other dimen-

sion for the study results was examined cursorily. However, it was found

that a + 1 deg variance about the nominal has very minor effects on both re-

entry position and abort trajectory configuration especially for aborts initi-

ated at distances greater than a few earth radii. It's omission from the

study at this time was essentially a study ground rule similar in intent to

the neglect of non-impulsive effects.

Finally, in order to evaluate the abort velocity requirements in

terms of spacecraft performance and configuration, a number of configura-

tions were assumed and their impulsive velocity capabilities have been listed

in sub-sections II.C and II.D. Prior to hyperbolic deboost, and assuming

all spacecraft stages to be operable, nearly 15,000 ft/sec is available for

an abort velocity impulse. However, with Service Module failure during

hyperbolic deboost, its remaining capability is lost and the abort velocity

impulse available from the LEM alone drops to less than 6000 feet pe r

second. The propellant specific impulse levels and weight data were taken

from Reference (1).

lB. Abort Geometry

A large part of the abort study is concerned with aborts in the

vicinity of the earth. The class of trajectories which are considered to

lie in this category is that in which neither the pre-abort nor about trajec-

tory has penetrated the moon's sphere of action (MSA). With this constraint

it is possible to approximate the gravitational model by the earth's inverse

In the present study this is taken to be a hypothetical sphere centered at the
moon having a radius of about 10 earth radii.

This document contains information affecting the national defense cl_l_l_lll_StaterS18, U.$.C., Sect;on 793 and 794, the transmission or revelation of

within the meaning of the Espionage Lows, Title

to on unauthorized person is prohibited by low.
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square force field alone. + Thus all free flight portions of the pre-abort and

abort trajectories willbe conic sections.

Working within the framework of this model, it is next necessary

to consider the abort trajectories which are possible for each abort point.

The only condition which has been directly imposed on the abort conic is the

prescribed re-entry altitude and flight path angle. Referring to Figure 2 it

is seen that, at each _bort point, there are four possible abort trajectories

which have a single final velocity, v, and which lie in the same plane. Of

the four conics, two will be directed towards the earth and the other two

away from the earth. Also two of the trajectories will have the same incli-

nation to the earth's equator and two will have the supplement of this

inclination (i. e., two will be direct at identical inclinations and two will be

retrograde at identical inclinations).

In addition to these possibilities there are the out-of-plane con-

siderations. This is shown more clearly in Figure 3. If the dotted curve

represents the trace of the pre-abort trajectory on an earth centered inertial

unit sphere, then the above four abort possibilities will lie in that plane. If,

however, the retrograde possibilities are neglected, it is still possible to

abort into four out-of-plane trajectories having a single inclination i, as

shown by traces (1) and (2). Viewed in this manner there are two possible

trajectory planes, having inclination i, in each of which the two direct abort

trajectories may lie with the abort velocity either pointing away from the

earth, or towards the earth. The two inclination possibilities are distinguished

by the fact that at the abort point the azimuth A will be either less than 90

degrees (directed away from the equatorial plane) or greater than 90 degrees

(directed towards the equatorial plane). These azimuths are indicated in

Figure 3 by A 1 and A 2 respectively.

With the above introduction it is now possible to discuss the general

characteristics of all possible abort trajectories from a given point. Refer-

ring to Figure 1, it is clear that all possible abort trajectories for a given

+A comparison of the errors involved in this assumption is made in Section III.

This document contains information affecting the States within the meaning of the Espionage Laws, Title
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Figure 2. Abort Point Geometry for Planar kborts
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abort velocity v may be generated by rotating the conic shown about the

radius vector r- At the abort point the velocity v will generate a cone

whose central angle is 2_ where _ is the abort flight path angle. Such

a cone will be generated for each value of v chosen. A polar plot of v

versus _ is shown in Figure 4 for a typical abort point, remembering

that the desired re-entry altitude and flight path angle are satisfied.

Figure 4 is informative for several reasons. First, note that the velo-

city magnitude is a minimum when _ is near 90 degrees. The reason

that this is so becomes clear when one realizes that the perigee distance

of all the conics satisfying the desired re-entry conditions do not differ

appreciably from each other. Thus, an angle _ of 90 degrees implies

that the abort point is at the apogee of the abort conic. This results in a

minimum major axis, and hence a minimum energy and velocity. As

moves away from 90 degrees, the velocity will increase until the conic

becomes hyperbolic, i.e., eccentricity greater than one. At this point,

the trajectories heading away from the earth will not return whereas those

heading towards the earth with eccentricities greater than one are acceptable.

The shaded region indicates that no possible velocity will result in a satis-

factory conic for these values of _.

Figure 4 includes the effects of restrictions on flight path angle

due to the invariant re-entry conditions, however, physical constraints

further limit the range of _. These constraints are shown in Figure 5 for

three abort points on the nominal translunar trajectory. The lower limit

on _ is due, as shown in Figure 4, to the fact that eccentricity becomes

equal to unity. Since the nominal trajectory is also nearly parabolic, the

direction of v is very close to the pro-abort direction of motion. The

upper limit on _ for all three distances is due to the limited propulsion

capability to abort i.e., Av < 15,000 feet per second. It is interesting

to note from this figure that the range of _ increases as the abort distance

becomes greater. This behavior is due to two factors. The lower limit on

(velocity directed away from the earth) decreases because the abort conic

eccentricities must be greater for greater abort point distances and hence

will be smaller. These eccentricities are greater since the abort perigee

,hisd......,contoi°sin,....,,o.o,,°cti°.,h. wlth,.,h.....in,o,theEs01o.o0.L....,,,,.
18, U.S.C., Section 793 and 794, the transmission _ to an unauthorized person is prohibited by law.
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Figure 4. _bort Conic Flight Path Angle and Velocity
Pos sibilities Schematic
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distance is nearly constant whereas the apogee of the abort conic must be

greater than the distance to the abort point. The upper limit on _ (velo-

city directed towards the earth) involves the limitation on Av. Since the

velocity along the nominal trajectory is much smaller for greater abort

distances, the ability of the fixed maximum _v to change the direction

of v becomes more pronounced. Hence, the permissible values of

will increase for greater abort distance.

The requirements on 2_v which will result in specific values

of _ are shown in Figure 6 for various abort points along the nominal

translunar trajectory. Also shown are the directions of the nominal

trajectory velocities existing at each abort distance. As indicated above,

the velocity (now in terms of 2_v applied) becomes greater as _ is allowed

to increase. This graph includes the return times of flight (in hours) for

each abort choice.

An observation may now be made concerning the nature of the

problem when the magnitude of the abort velocity impulse 2_v remains

fixed as opposed to the previous discussion of fixed resultant abort

velocity. In this case it is necessary to add this impulse to the space-

craft pre-abort velocity vector and to aim it in a specific direction which

will permit the spacecraft to return safely to earth. For the in-plane

situation, the addition of velocities is shown in Figure 7. The velocity

impulse may be aimed at any point on the circle shown and the resultant

velocity vector will be from N to that point (e. g. point P). Referring

back to Figure 4, it is clear that solutions which will cause the spacecraft

to return safely to earth will lie on a dotted curve somewhat like that shown

in Figure 7. The intersections of this curve with the circle represents

uuLn ues-_=_ magnitude and direction andpoints for which the 2_v has '.... the = -_A;

the spacecraft returns safely. Note that at most two solutions are possible

and that at both solutions v- may be directed towards the earth, or directed

away from the earth (the case shown in Figure 7), or one toward and one

away from the earth. The existence of these different possibilities is

evident in the results given in Section Ill. Also, if the Av circle is such

This document contains _nformatlon affecHng the national defense _s within the meaning of the Espionage Laws, Title
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that it does not intersect the dotted curve, there will be no solution. It is

also possible that an intersection may be in a forbidden region in which

case the physical constraint is violated resulting in no solution.

The out-of-plane case is no more difficult to analyze. This

situation implies that the pre-abort velocity vector v lies in a different
n

trajectory plane than the abort velocity vector v . For impulsive thrust,

both will contain the radius v The out-of-plane case can then be thoughtn

of as a rotation abort r- from one plane to the other. Since the abort velo-n

city impulse can now be fired out-of-plane, it can reach out to any point on

a sphere of radius Av whose center is at the tip of the v vector. If this
n

sphere intersects the abort plane, the intersection will be a circle. The

important thing to note here is that only directions of Av which lie on this

intersection will result in a vector v which lies in the desired abort plane.

Therefore the problem reduces to the in-plane case where now the radius

of the Av circle is that of the intersection circle. Physically Av can be

thought of having an out-of-plane component emanating from the tip of the

v vector to the center of the intersection circle. For a solution, Avn

must be at least as large as the out-of-plane component required to change

plane s.

The analysis of abort from a point within the moon's sphere of

action (MS.&) is quite different than that for near earth aborts. The first

observation which may be made is that since the moon is now the central

gravitational body, the pre-abort path will lie in the trajectory plane con-

taining the center of the moon but not necessarily the center of the earth.

Thus, whereas in-plane aborts always exist for near earth aborts, they

will not always exist for M SA aborts. This implies that an out-of-plane

impulse will usually be necessary to return to earth. Further, the amount

of plane change required will most likely vary as the time of the abort

maneuver is changed. The complexity of this situation makes it difficult

at the outset to analyze MS_& aborts as thoroughly as near earth aborts.

"&lthough such an analysis will not be attempted here, several general

observations will be made in subsection III.]3 of the results.

This document contains information affecting the notional defense of _wilhin the meaning of the Espionage Laws. Title
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C. Translunar Injection Pre-abort Trajectories

In order to perform the abort study, it is first necessary to

examine the characteristics of the free flight trajectories resulting

from premature cutoff of the S-IVB during translunar injection. These

characteristics are presented in Figure 8 as a function of burn time and

in the form of conic elements in Table I . As expected, the principal

changes are in the eccentricity and the semi-major axis. The eccentri-

city increases at nearly a constant rate to the reference value of 0. 979.

The semi-major axis also increases but it is interesting to note that

essentially all of the change occurs in the last minute of burn. Variations

in inclination and the position of the ascending node are about 0.02 degrees

whereas the argument of perigee varies by approximately i0 degrees.

Figure 9 shows an expanded scale for the growth of the semi-

major axis and the eccentricity for the final three seconds of burn. The

principal observation is that the semi-major axis nearly doubles during

this time. This change is equivalent to an increase in apogee from

approximately half of the lunar distance to the complete distance to the

moon. Correspondingly, Figure l0 indicates the resultant history of

closest approach distance of the spacecraft to the moon. These values

were generated by numerical integration of eight trajectories evolving

from premature cutoffs during the last three seconds of burn. Coordinate

position plots of these trajectories are shown in Figures li and i2. The

coordinate system used is the inertial earth equatorial true of date system.

The dotted lines show the position of the moon and the spacecraft at the

time of closest approach. The earlier trajectory does not quite reach the

moon whereas the next four approach the moon from the trailing edge and

in a counterclockwise manner. The last second of burn causes the trajec-

tories to sweep across the moon's face, with impacts, until finally the

reference trajectory, and clockwise motion, is generated. Note that it is

not until the final 0. 025 seconds of burn that the free flight trajectories

take on the general characteristics of a free return trajectory.
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TABLE I PRE-ABORT TRAJECTORIES AND CHOSEN ABORT POINTS

Pre-abort Trajectory A

Time to go in S-IVB second burn = Z70 sec.

Orbital Elements

a = Z4.17x 106 ft _ = 1'45.1 °

e = .109 h = 100.4 nmi
P

i = Z8.49 ° h = 971. Z n mi
a

= 3.31 ° P = 104.9 rain

Chosen Abort Points

A1 AZ A3 A4

tib (hrs) O. 50 O. 75 I. 24 I. 59

(deg) If5 159 Z55 321

r (ftx 10 -6 ) g5.0 26.6 ZS. 0 ZZ. 0

(deg) Z6Z. g 311.2 301.8 IIi. 6

5 (deg) -28.0 -Z3. Z 13.8 27.3

v (ft/sec) 23, Z77 21, 815 23,277 26,404

(deg) 84. I 87.5 95.9 93.6

A (degl 95.3 73.0 64.8 98.6

Long.(deg) 30.9 76.2 147.7 Z23.9

Lat. (deg) -28.0 -Z3. Z 13.8 27.3

,hi.d...... , c..,oin.,n,.... ,,on°,,.c,,°,the:-,_;.:,'o,_:'.::ow_it_'o:._:._:Z_: "'h°E.°,°no.oL.... ,,,,.
18, U.S.C., Section 793 and 794, the transmission _ person is prohibited by law.
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TABLE I (Continued)

Pre-abort Trajectory B

Time to go S-IVB second burn = ZlO sec.

Orbital Elements

a = 28.44x 106 ft _ = 146.9 °

e = .243 h = I00.7 n rni
P

i = 28.49 ° h = 2378.8 n mi
a

= 3.32 o P = 133.9 rain

Chosen Abort Points

B1 BZ B3 B4 B5

tib (hrs) 0.50 0.76 i. 01 I. 51 i. 71

11 (deg) 110 137 170 223 250

r (ftx 10 -6) 29.2 32.5 35.2 32.5 29. Z

_(deg) 258,6 288.6 324.1 12.5 36.7

6 (deg) -27.7 -Z7.6 -18.9 4.9 16.6

v (ft/sec) 21,662 19,270 17,461 19,270 Zl, 662

(deg) 76.0 78.5 86.9 i01.5 104.0

A_deg) 97. (_ 82. 8 68. _ 61.9 66.5

Long. (deg) 27.1 54.0 85.0 125.7 147.0

Lat. (deg) -37.7 -27.6 -18.9 4.9 16.6

B6

Z. lZ

333

ZZ. 0

126.3

24.5

28,014

95.2

105.0

230.4

24.5

This document contains information--...--- ----.---affecting the notional defense of the meaning of the Espionage Lows, Title
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TAB LE I (Continue d)

Pre-abort Trajectory C

Time to go in S-IVB second burn

Orbital Elements

= 150 sec.

a = 36. I0 x 106 ft co = 148.8 °

e = .404 h = lOZ. 0 n mi
P

i = 28.49 ° h = 4898.8 nmi
a

= 3.32 ° P = 191.5 rain

Chosen Abort Points

C1 CZ C3 C4 C5 C6

rib (hrs) 0.50 0.80 I. 47 Z. 35 Z. 65 3.09

IL (deg) 106 134 174 ZZ6 Z54 338

r (ftx 10 -6 ) 34.0 4Z. 0 50.5 4Z. 0 34.0 ZZ. 0

m(deg) Z56.7 Z87.9 329.8 16.4 42.5 133.5

6 (deg) -Z7.4 -27.7 -16.7 7.0 18.9 ZZ. 5

v (ft/sec) Z0, 93Z 16,745 IZ, 945 16,745 Z0, 93Z zg, 8Z9

(deg) 66.4 68.0 86.1 IIZ. 0 113.6 96.3

A (deg) 98.1 83.1 66.6 6Z. 3 68.3 107.9

Long. (deg) 24.4 51.6 83.5 116.8 138.4 ZZZ. 7

Lat. (deg) -Z7.4 -Z7.7 -16.7 7.0 18.9 2Z. 5

This document contains information affecting the national within the meaning of the Espionage Laws, Title
the transmission or revelation of18, U.S.C., Section 793 and 794, to an unauthorized person is prohibited by law.
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TABLE I (Continued)

Pre-abort Trajectory D

Time to go in S'IVB second burn

Orbital Elements

= 90 sec.

a = 58.84x 106 ft _o = 150.8 °

e = .600 h = 104.7 nmi
P

i = Z8.48 ° h = 10733.7 nmi
a

o
= 3.3Z P = 348.7 min

Chosen Abort Points

D1 DZ D3 D4 D5 D6

tib (hrs) 0.50 I.43 Z. 63 4. 3Z 5. Z5 5.7Z

(deg) IOZ 148 175 Z1Z Z58 341

r (ft x 10 -6 ) 39.5 70.0 85.7 70.0 39.5 Z2.0

(deg) 254. Z 305.2 33Z. 8 6.0 48: Z 138.8

5 (deg) -27.1 -24.7 -15.4 1.4 21.0 Z0.8

v (ft/sec) 21,243 11,863 8,188 11,863 21,243 31,910

(deg) 56. 1 57.0 83. 1 123.0 123.9 97.1

A (deg) 99.0 75.4 65. 7 61.6 70.3 109.9

Long. (deg) Zg. Z 59. Z 68.6 76.4 104. 7 188. Z

Lat. (deg) -ZT. 1 -Z4.7 -15.4 1.4 21.0 20.8

This document contains information affecting the 4lJ_fense of the United States within the meaning of the Espionage Laws, Title
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TAB LE I (Continue d)

Pre-abort Trajectory E

Time to go in S-IVB second burn = 30 sec.

Orbital Elements

a = 140.73 x 106 ft co =

e = .847 h =
P

i = Z8.48° h =
a

= 3.33 ° P =

15Z. 9 °

109.7 n mi

39331.4 n mi

1473.6 min

Chosen Abort Points

E1 EZ E3 E4 E5 E6

rib (hrs) 0.50 5. Z7 11.84 19. ZZ Z4.00 Z4.48

'q (deg) 98 161 179 199 Z61 343

r (ftx 10 -6 ) 45.4 Z00.0 Z59.7 Z00.0 45.4 ZZ. 0

(deg) Z5Z. Z 321.0 338.3 356. Z 54.4 143.3

6 (deg) -Z6.8 -Z0.1 -IZ. 9 -3.9 zg. 9 19. Z

v (ft/sec) ZZ, 806 6,383 Z, 895 6,383 ZZ, 806 34_ 346

(deg) 46.3 35.9 84.8 144.1 133.7 97.6

A (deg) I00.0 69.4 64.4 61.8 7Z. 6 111.4

Long. (deg) Z00. Z 17.0 295.5 Z0Z. 3 188.7 Z70.4

Lat. (deg) -26.8 -20.1 -IZ. 9 -3.9 ZZ. 9 19. Z

This document conlains information affecting the national defensl_L.the_$tates within the meaning of the Espionage Laws, Title
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TABLE I (Continued)

Nominal Translunar Free Return Trajectory

Time to go in S-IVB second burn

Orbital Elements

= 0 sec.

a = 1033.8 x 106 ft ¢o = 153. 901 °

e = .97911 h = 113.0 nmi
P

i = 28.480 ° h = 333295 n mi
a

fl = 3. 325 o P = 29339.4 rain

Chosen Abort Points

r =2

(E. R.) 5 I0 15 Z0 30 40

tib (hrs) 0.39 i.48 3.92 7.07 10.87 20.35 32.38

r[i(deg) 88.7 127.2 144.4 152.0 156.6 162.3 166.1

_ (deg) 242.8 285.9 304.9 312.8 317.5 323.2 326.7

6 (deg) -25.0 -27.9 -24. 8 -ZZ. 7 -Zl. Z -19.2 -17.9

v (ft/sec) 25,678 15,974 10,976 8,695 7,292 5,548 4, 436

(deg) 46.3 27.7 19.8 16.5 14.7 12.8 II. 9

A (deg) 104.0 84.0 75.5 72.3 70.6 68.6 67. 5

Long. (deg) IZ. 1 38.8 21. 1 341.6 289. Z 152.3 334.8

Lat. (deg) -25.0 -27.9 -24.8 -ZZ. 7 -Zl.Z -19.2 -17.9

This document contains information affecting the national defen_iiLthe_d States within the meaning of the Espionage Laws, Title
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TIME TO GO = 2.985 SEC

X
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Figure 11. Pre-abort Trajectory Behavior in the Moon's Vicinity

as a Function of S-IVB Burn Time Remaining
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With the general behavior of pre-abort trajectories evolving

from premature cutoff of the S-IVB described, several specific cases

were chosen for the parametric analysis. At five times during the

S-IVB injection maneuver, corresponding to each minute of burn,

points were chosen for the propagation of pre-abort trajectories.

These trajectories are designated A, B, C, D, and E followed by the

nominal translunar free return trajectory, and are so noted in the

results. On each of these trajectories, six points were taken in sys-

tematic progression around the orbit. These abort points carry the

double notation of A3, A4, o.., for example, to identify the trajectory

as well as the abort point in question. Points on the nominal translunar

trajectory are identified by their radial distance from earth. The general

arrangement of pre-abort trajectory and abort point selection is shown in

Figure 13 drawn to scale. Further quantitative detail is given in Table i.

All results contained in Section III are keyed to the letter/number identifi-

cation system.

Since all results have abort velocity impulse as the argument,

several different spacecraft configurations were postulated and their Av

capabilities calculated for comparison with velocity demand. Table II

lists the applicable spacecraft weight and propulsion system data as taken

from Keference (1). Table III enumerates the various assumed configurations

and gives the impulsive velocity increments available from each stage.

D. Hyperbolic Deboost Pre-abort Trajectories

The orbital characteristics (semi-major axis and eccentricity)

of the free flight trajectories resulting from cessation of the SM engine

thrust during the hyperbolic deboost phase are presented in Figure 14.

It is of interest to note that for the first i09 seconds of deboost the

resulting trajectories retain lunar escape characteristics (for e < 1

still escape). A numerically integrated set of free flight trajectories

were simulated for this time period. Figure 15, which shows the distance

of closest approach to the earth as a function of hyperbolic deboost burning

time, was generated from these trajectories. It can be seen that, if no

This d...... t contains inf .... tion affecting the tleOvneallatdef _ers tw_thinnthe _heainzing of the Espionage L.... Title18, U.$.C., Section 793 and 794, the t..... issio, anta en_ew u pe .... is prohibited by law.
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TABLE

Weight Data

Module

CM

SM

LEM

II SPACECRAFT WEIGHT AND PROPULSION DATA

Item

Structure

Three men at 176 and equip at 44

Liftoff and re-entry configuration

Weight (lbm)

8840

+ 660

9500

Structure

Residual propellant

Burnout configuration

Useful propellant

Liftoff configuration

8000

+ 2500

10500

39500

50000

Ascent stage structure

Ascent useful propellant

Total ascent stage

Descent stage structure

Minimum lunar landing weight

Descent stage propellant

Total module weight

3800

+ 4250

8050

+ 3700

"-ITTND--

+14750

26500

Propulsion Data

Thrust Specific impulse Flow Rate

Mo dul e (Ibf) (Ibf-sec/ibm) (ibm /sec)

SM 21500 323.0 66. 563467

LEM

Descent stage 10500 max 309.0 33. 980583 max
1050 rain

Ascent stage 3500 307.0 11.400651

This document contains information affecting the national defense_tates within the meaning of the Espionage Laws, Title
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TABLE III

Configuration

SPACECRAFT CONFIGURATIONS AVAILABLE FOR ABORT

PRIOR TO HYPERBOLIC DEBOOST*

Av l(ft/sec) Avz(ft/sec) Av3(ft/sec)

Total

&v(ft/sec)

a) CM/SM without LEM i i i50 11150
(neither propulsion
nor wt. )

b) CM/SM followed by 6340 3760 1600 1 t700
LEM (both stages)

c) LEM both stages i860 650 iii50 i3660
followed by CM/SM

d) CM/SM followed by 6340 3760 i0 i00
LEM first stage

e) CM/SM followed by 9020 i600 i0620
second stage

f) LEM first stage i860 i if50 i30 i0
followed by CM/SM

g) LEM second stage 650 ii i50 i i800
followed by CM/SM

h) LEM first stage only i860 i860
(with CM/SM fueled

wt.)

i) LEM second stage 650 650

only (with CM/SM

fueled wt. )

NOTE: * The Av's contained in this table have been calculated with respect
to the following assumptions:

1) When only the LEM ascent stage (LEM second stage) is used,
the LEM descent stage has been jettisoned.

2) When only the LEM descent stage (LEM first stage) is used,
the LEM ascent stage cannot be jettisoned.

3) In all cases, the CM/SM remains as part of the final burnout
weight and that, as a minimum, its weight includes the CM,
SM structure, and SM trapped propellant.

This document contains information affecting the national defense of t "t_tates within the meaning of the Espionage Laws, Title
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TABLE III (Continued)

Configuration

J)

k)

i)

m)

LEM both stages
(without CM/SM pro-

pulsion, with wt. )

LEM first stage only
(with CM/SM unfueled
wt. )

LEM second stage only
(with CM/SM unfueled
wt. )

LEM both stages (with-
out CM/SM propulsion
with unfueled wt. )

Av l(ft/sec) _vz(ft/sec)

1860 650

3760

1600

3760 1600

Av3(ft/sec)

Total

_v(ft/sec)

Z5iO

3760

1600

5360

This document contains informatlon_affectlng the wlthln the meaning at the Espionage Lawt, Title
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thrust is applied, the DCA is approximately one earth Tadius since the

nominal translunar trajectory circumnavigates the moon and returns

to earth with safe re-entry conditions. Figures 16 and 17 show the

position component relationship in the earth equatorial, true of date

coordinate system of various free flight pre-abort trajectories ema-

nating from the moon:and returning to the vicinity of earth. It is

interesting to observe how rapidly the distance of closest approach

increases after approximately Z0 to 30 seconds of hyperbolic deboost

burning time.

A set of pre-abort trajectories {designated M through S)

resulting from powered flight cessation at seven separate points during

the entire hyperbolic deboost phase were chosen. The basic geometrical

characteristics of these trajectories are shown in Figure 18 which is a

projection into the lunar equatorial plane of the trajectory shape. Also

noted, by the intersection of the dashed lines with the pre-abort conics,

are the numbered abort points which were selected. The orbital charac-

teristics of these trajectories are further detailed in Table IV, together

with conditions existing at the abort points chosen for study.

As in the case of the translunar injection analysis, several

spacecraft configurations were assumed and their Av calculated for

comparison with velocity demand. However, since three of these con-

figurations assume that the SM propellant cannot be jettisoned after

failure, the LEM capability is dependent on the amount of SM propellant

remaining at failure. All selected configurations have their Av capability

given in TableV and again in Figure 19 to show the time dependence.

These data include the effect of having allocated a nominal 300 ft/sec for

translunar m_idcourse correction to be provided by the Service Module.

This document contains information affecting the notional llted States w}thln the meaning at the Espionage Laws, Title
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Hyperbolic Deboost Maneuver
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TABLE IV PRE-ABORT TRAJECTORIES AND CHOSEN ABORT POINTS

Nominal Translunar Free Return Trajectory

Time to go in S-IVB second burn = 0 sec.

Orbital Elements

a = 1033.8x 106ft h = ll30.0nmi
P

e = 0. 97911 h = 333Z95 n mi
a

i = Z8. 480 ° P = 29339.4 min

_] = 3.3Z5 ° DCA;moon_, =

= 153.901 ° I] = 13.35Z °

Chosen Abort Points at and within the Moon's Sphere of Action

6185760 ft

r =55.5

(E. R. ) 56.9 57.7 58.25

tib (hrs) 56.5 59.0 61.0

Geocentric

63.0

60.0

64.37

_] (deg) 17Z. 014 173. 427 175. 510 179.04Z 16Z. 398

(deg) -29. 765 -29. 571 _29. 456 -_9. 410 -zg. 485

6 (deg) -16.468 -16. 386 -16. 338 -16. 320 -16. 357

v (ft/sec) 3332.91 3295.09 3304.47 3423.54 3798.8Z

(deg) 8. 732 7. 169 4. 773 0. 930 13. 639

A (deg) 66. 331 66. 324 66. 581 237. 789 243.55Z

Long. (deg) -Z4. 452 -61. 861 -91. 828 -121. 864 -141. 995

Lat. (deg) -16. 573 -16. 491 -16. 442 -16. 424 -16. 461

Selenographic

r (ft x 10 -6 ) 140. 948 104. 537 74. 673 43.4Z6 Z0. 950

v (ft/sec) 40ZL 86 41Z3.06 4Z79.19 4652.23 5405.41

(deg) 174. 516 172. 994 170. 647 165. 182 153. 358

A (deg) Z74.69 Z74. 648 Z74. 381 Z73.559 Z71. 387

Long. (deg) -40. 673 -43. 913 -47. 776 -55. 461 -TL 77Z

Lat. (deg) 6. 819 6.97Z 7. 189 7. 644 8. 315

This document contains information_affecting the national within the meaning of the Espionage Laws, Title
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TABLE IV (Continued)

Pre-abort Trajectory M

Time to go in CM/SM Hyperbolic Deboost = Z95.6 sec.

Orbital Elements (Selenographic)

a =-Z74Zx 104 ft

e = I. ZZ564

i = 17Z. 839 °

= 5.811 °

¢o = 178. 963 °

h = 79.83 n mi
P

h = undefined
a

P = undefined

DCA1earth _ = Z9,194. 3 n mi
% l

= 347.44 °

Chosen Abort Points

M1 MZ M3 M4 M5 M6

td b (hrs) O. 0 1.0 2.0 3.0 4.0 5.0
r (ft x 10 -6} 6. Z70 18. 711 33. 168 46. 406 58.893 70. 878

_ (deg) 341. 016 ZZI. 181 205. 163 198. 967 195. 533 193. 300

6 (deg) -5.13Z -ZZ. 641 -17.031 -14.389 -IZ. 8Z3 -11.769

v (ft/sec) 7. 845 4.981 4.09Z 3. 710 3. 491 3. 347

(deg) 96.918 3L594 Zl. 094 16.499 13.788 11.963

Lat. (deg)* I. 678 -7. 018 -6. 348 -5.9Z9 -5. 658 -5. 466

Long. (deg)* -160. 701 83. 748 67. 036 59. 940 55. 696 5Z. 7Z0

A (deg) Z4Z. 067 287. 554 Z93. 030 Z94. 715 Z95. 539 Z96. 038

Selenographic

This document contains information o|fecting the notional defenSewlJm_e_l_ed States within the meaning of the Espionage Lows, Title
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TABLE IV (Continued)

Pre-abort Trajectory N

Time to go in CM/SM Hyperbolic Deboost

Orbital Elements (Selenographic)

a = 15166 x 104 ft

e = 0. 95920

i = 174. 378 °

= Z. 607 °

co = 176.34Z °

Chosen Abort Points

= 235.,6 sec.

h = 79.98 n mi
P

h = 47962.31 n mi
a

P = 14863.67 rain

= 35 L 064 °

N1 NZ N3 N4 N5 N6

tdb (hrs) 0.0 I.0 Z. 0 3.0 4.0 5.0

r (ft x 10 -6 ) 6. Z25 16. 674 Z8. 118 37. 920 46. 643 54. 597

¢_ (deg) 337. Z77 216. 917 197. 639 189. 488 184.639 181. Z88

6 (deg) -7.024 -19. 847 -12. 612 -8.932 -6.613 -4.968

v (ft/sec) 7. 381 4. 429 3. 342 Z. 826 Z. 507 Z. 283

(deg) 94. 375 38. 343 29. 196 )5. 344 23. 133 ZI. 675

Lat.(deg.)_ 1. Z24 -5.479 -4. 725 -4.20Z -3.835 -3.559

Long. (deg)* -164. 858 79. 103 58.636 49. 263 43. 380 39. 117

A (deg) Z44. 042 288.428 Z93. 877 295. 411 296. 080 Z96. 438

Selenographic
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TABLE IV (Continued)

Pre-abort Trajectory O

Time to go in CM/SM Hyperbolic Deboost

Orbital Elements (Selenographic)

a = Z054 x 104 ft

e = 0.69877

i = 176. 225 °

_ = 357. 327 °

¢o = 171. 688 °

Chosen Abort Points

= 175.6 sec.

h = 79.99 n mi
P

h = 4805.31 n mi
a

P = 741.0 8 min

"I] = 354. 408 °

Ol OZ 03 04 05

tdb (hrs) 0.0 I.0 Z. 0 3.0 4.0

r (ft x 10 -6 ) 6. Z01 14. 384 ZZ. 359 27. 934 31. 698

(x (deg) 333.665 Zl0. 798 185. 610 17Z. 963 164. 016

6 (deg) -8.679 -16. 056 -5. 934 -0. I00 4. 059

v (ft/sec) 6. 886 3.954 Z. 656 I. 992 i.581

(deg) 92. 300 48.593 45.941 50. I12 58.451

Lat.(deg)* 0.906 -3.656 -Z. 845 -Z. 164 -I. 600

Long. (deg)_ -168. 798 72. 370 45. I12 30. 660 Z0. 261

A (deg) 246. 432 289.461 294.362 295.037 294.736

06

5.0

33.964

156.575

7.417

1.332

70.791

-1.098

11.597

294.003

* Selenographic

4eMiq  r &-
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TABLE IV (Continued)

Pre-abort Trajectory P

Time to go in CM/SM Hyperbolic Deboost

Orbital Elements (Selenographic)

= 135.6 sec.

a = 1316 x 104 ft h = 79.97 n mi
P.

e = 0. 52985 h = 2375.51 n mi
a

i = 177, 660 ° P = 380.04 min

= 349.301 ° _ = 356,461 °

= 164. 108 °

Chosen Abort Points

P1 PZ P3 P4 P5

tdb (hrs) 0.0 I.0 Z. 0 3.0 4.0

r (ftx 10-6 ) 6. 19Z 12..697 18. 036 Z0. 076 19. 137

(_ (deg) 33L 345 204. 954 17Z. 286 151. 492. 130. 957

6 (deg) -9. 635 -IZ. 641 0. 817 9. 580 16. 693

v (ft/sec) 6. 540 3. 756 2. 458 Z. 023 2.2ZZ

(deg) 91. ZZ6 58. 085 65. 994 85. 774 107. 738

Lat. (deg)* 0.778 -Z. ZSl -1.566 -0.781 0.07Z

Long. (deg)_ -171.283 65.889 30.232 7.Zg5 -14.51Z

A (deg) Z48. Z96 Z90. 157 293. 641 Z91. 735 Z87.016

P6

5.0

15.069

101. 814

ZZ. 66Z

3.133

IZ0. 970

I. 168

-43.076

Z77. 000

Selenographic
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TABLE IV (Continued)

Pre-abort Trajectory Q

Time to go in CM/SM Hyperbolic Deboost

Orbital Elements (Selenogralahic)

3
a = 9757x 10 ft

e = 0. 36575

i = 179. 118 °

= 311. 487 °

= lZ6. 765 °

Chosen Abort Points

= 95.6 sec.

h = 79.94 n mi
P

h = IZ54.55 n mi
a

P = Z4Z. 54 min

I] = 358. 361 °

Q1 Q2 Q3 Q4 Q5

tdb(hrs) 0.0 I.0 2.0 3.0 4.0

r (ft x 10 -6 ) 6. 189 I0. 870 13. 314 II. 130 6. Z13

c_ (deg) 3Z9. 107 196. 618 148.690 97.6Z4 336. 941

6 (deg) -10.466 -8.082 10.613 Zl. 711 -7.615

v (ft/sec) 6. 181 3. 755 Z. 874 3. 655 6. 163

[3(deg) 90. 439 69. 560 89. 275 109. 898 92 .668

Lat. (deg)_ 0. 721 -0. 849 -0. 716 -0. 064 0.76Z

Long. (deg)* -173. 643 56. 609 4.82Z -45. 783 -167. 595

A (deg) ZS0. 416 290. 647 Z89. 509 Z74. Z93 Z49. 179

Q6

5.0

I0. 675

199. 133

-9. 014

3.83Z

69. Z36

-0. 841

57. 069

Z90. 276

* Selenographic
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TABLE IV (Continued)

Pre-abort Trajectory R

Time to go in CM/SM Hyperbolic Deboost

Orbital Elements (Selenographic)

a = 7809 x 103 ft

e = 0. Z0757

i = 178. 336 °

_ = Zl0. 483 °

= Z6. Z63 °

Chosen Abort Points

= 55.6 sec.

h = 79.93 n mi
P

h = 613.454 nmi
a

P = 173.67 rain

= O. 10Z°

R1 RZ R3 R4 R5 R6

tdb (hrs) 0.0 I.0 Z. 0 3.0 4. 0 5.0

r (ftx 10 -6 ) 6. 188 8.91/ 8.644 6. Z57 9. 125 8. 333

(deg) 3Z6.96Z 183. 714 96.7Z6 306. 404 174. 495 84. 906

6 (deg) -II. 168 -I. 7Z4 Z0. ZII -16. 453 I. 693 70. 331

v (ft/sec) 5.813 4. 084 4. ZZ8 5. 759 3.971 4.40Z

(deg) 89.98Z 81. ZI9 I00. Z64 86. 500 83. 016 I01.3Z4

Latt(deg)* 0. 739 0. 356 -I. 609 i. Z17 0. 071 -I. 657

Long. (deg)_ -175.87Z 4Z. 316 -45.99Z 161. 847 30. 843 -58.7Z9

A (deg) Z5Z. 846 zg0. 308 ZTZ. 661 Z57. 806 zg0. 311 Z68. 556

Selenographic
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TABLE IV (Continued)

Pre-abort Traject_y S

Time to go in CM/SM Hyperbolic Deboost

Orbital Elements (Selenographic)

a = 6771 x 103 ft

e = 0. 08608

i = 176. 548 °

_i = 195.985 °

= IZ. 185 °

Chosen Abort Points

= Z3.6 sec.

h = 79.95 n mi
P

h = 27L 804 n mi
a

P = 140. ZZI rain

l] = I. 376 °

S1 $2 $3 $4 $5 $6

tdb (hrs) 0.0 I.0 Z. 0 3.0 4.0 5.0

r (ftx 10-6 ) 6.188 7.303 6.433 6.949 6.939 6.44Z

C_ (deg) 3Z5. 317 166.947 ZZ. 780 Zl0. 933 75.912 Z64.6ZZ

6 (deg) -11.633 5.194 6.788 -9. Z7Z 18.133 -18.693

v (ft/sec) 5.51Z 4.673 5. 316 4. 925 4. 93Z 5. 308

(deg) 89.891 88.088 94.013 85.3Z6 94. 701 85.933

Lat. (deg)_ 0. 809 0.5Z4 -Z. 499 g. 819 -3. 403 3. Z87

Long. (deg) • -177.552 Z4. 190 -118.677 69. ZZI -66.789 IZ0. 957

A (deg) Z55. 058 Z88. 149 25Z. 369 Z86. 489 Z64. 748 Z7Z. 494

Selenographic
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TAB LE V SPACECRAFT CONFIGURATIONS AVAILABLE FOR ABORT

AFTER HYPERBOLIC DEBOOST_

Time during hyperbolic
deboost t (sec)

a) LEM both stages
(CM/SM wt. as

at abort)
Av(ft/sec)

Configuration

b) LEM first stage
only (CM/SM wt.
as at abort)

Av(ft/sec)

c) LEM second stage

only (CM/SM wt.

as at abort)

Av(ftlsec)

58.4 Z746 Z036 711

118.4 Z918 Z156 76Z

178.4 3113 ZZ91 8ZZ

Z18.4 3Z58 Z391 867

Z58.4 3417 Z500 917

Z98.4 3594 Z619 975

330.4 3749 2723 10Z5

d)

e)

f)

LEM both stages (dry SM attached) Av

LEM first stage only (dry SM attached)

LEM second stage only (dry SM attached)

= 5416 ft/sec

Av = 3793 ft/sec

Av = 16Z3 ft/sec

NOTE: * See note on Table
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III. RESULTS

A. Translunar Injection and Translunar Free Flight

This section contains all of the quantitative information generated

concerning the post-abort trajectories. These results were obtained with

the use of two analytic programs which assume simple gravitational models.

One program utilizes conics about the earth neglecting all forces except the

inverse square force field of the earth and the second is a patched conic pro-

gram which formerly had been used to generate moon-to-earth trajectories.

The first (or abort) program will accept the position, velocity and

time of the initiation of free fligh t, which in this case will be the S-IVB

engine cutoff point. The Julian date and Greenwich time are inputs in order

to determine parameters with respect to a rotating earth. This program

then determines the pre-abort trajectory and the conditions at the abort

point. The post-abort trajectory is then searched for to satisfy a given

abort velocity impulse and the desired re-entry conditions. Further calcula-

tions are then made to determine other desirable quantities.

The second (or Analytic Lunar Return Program) has been used for

aborts from within the moon's sphere of action. This program will accept

the selenographic latitude and longitude at the abort point and calculate a

return trajectory to satisfy time of flight, return inclination and the proper

re-entry conditions.

For the nominal trajectory both programs were used to generate

abort trajectories, however, all aborts due to failure or cutoff of the S_IVB

engine were restricted to lie completely outside of the moon's sphere of

action. This is justified on the basis of the pre-abort trajectory character-

istics, it is only in the last few seconds of burn that results in a trajectory

whose apogee reaches out to the MSA. Further, the characteristics of abort

trajectories from those pre-abort trajectories which do penetrate the MSA

will be similar to aborts from the nominal trajectory. A further restriction

has been made where it is assumed that those aborts which originate outside

of the MSA remain outside of the MSA. Thus, near earth aborts which

penetrate the MSA before returning to the earth were not considered.

'8, U.$.C., SecEon 793 • a he i n pe°f....the Esp]anogelsprohibitedLaWS'by Titlelaw.
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The abort data presented here has been grouped according to the

parameter considered. For example, the abort flight-path angles of all the

abort trajectories are included in Figures 20 to 25. Each graph represents

a single pre-abort trajectory using the notation designated in Section II.

Included in this group is the reference trajectory which in actuality repre-

sents the final cutoff (although successful) of the S-IVB engine.

Included in the following graphs are the abort conic elements as

well as time of flight, re-entry velocity and latitude and longitude at re-

entry. All variables are plotted as functions of Av. As can be seen, all

functions are double valued as indicated in Section II. B. Thus, for a single

value of _Xv, two acceptable return trajectories are generated. Since the

perigee of the pre-abort conic is very close to that of the desired abort

conic, it can be expected that minimum velocity impulse will occur near the

pre-abort trajectory conditions. Thus, in the _ graphs, minimum Av

occurs near the pre-abort value of _. From this point the two solutions

will diverge, one resulting in a value of _ greater than the pre-abort value

and the other less. Parentheses indicate the leg of the curves whose

value is less than the pre-abort value.

As Av is increased, a point is reached, in some cases, where

the trajectory becomes hyperbolic and escapes. This is within the forbidden

region discussed in Section II. These escape points are indicated on the

graphs. Data, of course, could not be plotted beyond these points. The

escape points may also be found by observing where the eccentricity be-

comes unity on the leg designated with parentheses.

Behavior of abort flight-path angles generated from the nominal

trajectory (Figure 25) behave differently, however. Here, the reference tra-

jectory is nearly parabolic so that slight increases in velocity will cause the

spacecraft to escape. Thus, the &-_ vectors must be directed essentially

towards the earth, r_sulting in a single abort solution. As the magnitude of

Av increases, the flight-path angle increases and is eventually directed to-

wards the earth. For comparison, out-of-plane aborts were computed. In

most cases the resulting parameters were much the same as for the in-plane

case.

This document contains information affecting_ofense of the United States within the meaning of the Espionage Laws, Title
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Beginning with Figure 26 it should be noted that a symmetry rela-

tionship in the conic elements exists between several abort points. For ex-

ample, curves for abort points 1 and 3 on pre-abort trajectory A are some-

times identical. This is due to the fact that these abort points were chosen

on opposite sides of the pre-abort trajectory but with the same radial dis-

tance resulting in abort points symmetric with the semi-major axis. A

similar symmetry relationship exists for the abort pairs (1, 5) and (2, 4) on

pre-abort trajectories B, C, D andE. For each abort pair of points, if

one point has the abort directed away from the earth and the other has its

abort directed towards the earth, then the conic elements a and e and the

re-entry velocity will be the same for both. The argument of perigee,

flight times and the re-entry point will differ however. Figures 26 to 31

present the values of the semi-major axis for all pre-abort trajectories

plus the nominal. Figures 32 to 37 similarly present the eccentricities for

these trajectories. All of these graphs display the property described above.

Figures 38 to 43 present the argument of perigee for all of the

abort trajectories. Note that the range of _ narrows as the pre-abort tra-

jectory extends farther out. Aborts from the final or reference trajectory

have the argument of perigee limited to values between 100 ° and 160 ° . %lso,

for a given magnitude of the abort velocity impulse, the arguments of peri_

gee are almost identical. Also plotted on this graph are out-of-plane aborts.

Here, the values of _ have similar trends but are displaced from the in-

plane cases.

Figures 44 to 49 present the times of flight from the abort point

to re-entry. The most obvious characteristic of these curves is the fact

that the flight time decreases as the velocity impulse increases if the abort

trajectory is directed towards the earth (or has _ greater than the ore -

abort value). Figure 49, for example, which applies to aborts from the

reference trajectory, has flight times less than 20 hours for values of 2_v

as high as 15,000 ft/sec. This applies to aborts from all the radial distances

shown. On the other hand, these figures indicate that the time of flight in-

creases prohibitively for aborts directed away from the earth (or have _ less

than the pre-abort value).

This document contains information affecting the notional defens_ates within the meaning of the Espionage Laws, Title
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Figures 50 to 55 present the re-entry velocities for all of the abort

trajectories calculated. These graphs indicate which abort trajectories re-

sult in a re-entry velocity greater than the upper bound, 40,000 ft/sec. These

figures also indicate that this value is most frequently exceeded for aborts

from the points 5 and 6 which are on the return leg of the pre-abort trajectory.

Point 6 is especially critical since this point is very close to the pre-abort

perigee requiring large velocities to return to earth with the desired re-entry

conditions. Note that in Figure 55, aborts from the reference trajectory (if

Av is limited to 15,000 ft/sec) never result in re-entry velocities exceed-

ing 40,000 ft/sec.

Figures 56 to 61 present, in a limited manner, the longitudes of

the re-entry point. Since, the earth rotates 15 degrees per hour and the abort

flight times vary over many hours_ the re-entry longitude will be very sensi-

tive to the abort velocity impulse. This is not especially true for those aborts

which are directed towards the earth. In these cases, the return flight will

be more well behaved. However, for aborts directed away from the earth,

the re-entry longitude becomes very sensitive. Rather than determine the

fine detail of the behavior of this parameter which would require many addi-

tional points, the existing points have been connected by dotted lines.

The re-entry latitudes which are presented in Figures 62 to 67, on

the other hand_ are independent of time of flight and the rotation of the earth

and hence are not as sensitive. In fact, since the abort inclination is

essentially fixed at 28. 5 degrees (only in-plane aborts are considered), the

re-entry latitude will be limited between -28. 5 and 28. 5 degrees. It is

interesting to note that minimum Av results in re_entry latitudes which vary

from 28 degrees to about 18 degrees as the pre-abort trajectory ranges from

A through to the no,x_inal. Also, the re-entry latitudes of those aborts direct-

ed towards the earth have a tendency to increase from its value at minimum

Av whereas aborts directed away from the earth tend to decrease from this

value. Aborts from the reference trajectory all have re-entry latitudes above

the equatorial plane. These values increase from about 16 degrees for mini-

mum Av to about 28 degrees for Av near 15,000 ft/sec.

This document contains information affecting the within the meaning of the Espionage Laws, Title

18, U.S.C., Section 793 and 794, the transmission or to an unauthorized person is prohib|ted by law.



Page 55

Figure 68 presents a summary of the minimum abort velocity

impulse required for each pre-abort trajectory. Values are plotted versus

the true anomaly of the abort point. For all trajectories, the minimum velo-

city impulse required to successfully return to the earth occurs at the apogee

(11 = 180 °) of the pre-abort conic. It is clear that a maximum impulse is re-

quired near perigee (_ = 0 °) since the pre-abort velocity is maximum and the

perigee distance is near the desired re-entry altitude. Thus, the maximum

velocity impulse is essentially that required to alter the pre-abort flight-

path angle from 90 ° to the re-entry value of 96.4 ° .

Once the reference trajectory penetrates the moon's sphere of action,

the spacecraft is no longer under the earth's influence exclusively. Earth

centered conic elements, for example, will change with time (these are

called osculating elements). Figure 69 relates the geocentric radial dis-

tance along the trajectory to time measured from penetration of the MSA.

This auxiliary graph is presented for use with the following figures on aborts

within the MSA. Figures 70 to 75 are plotted versus time from entry into the

moon's sphere of action and for constant return times of flight from abort to

re_entry. The return inclinations chosen were the minimum and +40 ° where

-40 ° implies that the abort trajectory exists the sphere of action heading

below the earth's equatorial plane. The explanation for two solutions for a

given inclination has been presented in Section II. Figure 70 indicates the

velocities required to return safely to earth. Only those abort trajectories

which are directed towards the earth at abort injection are considered. Note

that the abort velocity requirement becomes very large as the deboost point

is approached. Actual deboost does not occur until approximately 9 hours

after entry to the MSA. Since the velocity increases as the deboost point is

reached, the impulse required to cause a direct return trajectory also in-

creases. If, however, it is possible to maintain the reference trajectory

and circumnavigate the moon, it requires no abort impulse to return since

the reference trajectory is an acceptable return trajectory. In Figure 71,

the abort velocity displacement angle is the angle between the pre-abort

velocity vector and thus includes the effect of any plane change. The larger

This document contains information affecting the national States within the meaning of the Espionage Laws, Title

18, U.$.C., ,Sect;on 793 and 794, the tfansmisslon or revelation of to an unauthorized person is prohibited by law.



Page 56

this angle becomes the greater the abort velocity impulse needed. Also,

larger angles are required as the time from penetration of the MSA increases.

Note that the velocity requirements do not vary appreciably with the return

inclination. This, of course, is due to the fact that at these great distances

from the earth only slight velocity changes are required to effect a change in

the return inclination.

Figure 72 presents the moon centered flight-path angle of the abort

trajectory. Note that for each return time of flight these values remain fairly

constant, increasing with increasing time of flight. The earth centered conic

elements are presented in Figures 73 and 74. The first figure indicates that

the semi-major axis remains nearly constant for all return flight times ex-

cept the 50 hour flight time. The rapid increase for the flight time is due to

the fact an eccentricity of one is being approached in which case the semis

major axis goes to infinity. Finally, Figure 75 presents the re-entry velo-

city for the MSA abort trajectories. For the flight times considered the values

are well within the upper limit of 40,000 ft/sec. It is evident from these figures

that if abort occurs well before the deboost point is reached, shorter flight

times - perhaps as low as a single day - may be considered. However, con_

ditions become very unfavorable for direct returns as the deboost point is

approached.
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B. Hyperbolic Deboost

As mentioned in Subsection III. A, the nature of the patched conic

Analytic Lunar Return Program is such that the time of flight to return and the

return inclination to the equatorial plane are input parameters. For this reason

it is convenient to plot the abort trajectories, originating within the MSA and

generated by this program, for constant flight times or return inclinations. As

with near-earth aborts, all parameters are plotted as a function of the abort

velocity impulse _v. This velocity is determined within the computer program

by differencing the pre-abort and the abort velocity vectors.

Once deboost into lunar orbit has been initiated the nominal free

circumlunar trajectory has been destroyed. The resulting set of trajectories

generated by the premature cutoff of the CM/SM engine will represent a new set

ofpre-aborttrajectories along which abort paths will be studied. The nature of

these pre-ab0rt trajectories has been presented in SectionII. Also, as dis-

cussed in that section, identifying nomenclature has been assigned to these

trajectories and numbers assigned to the abort points. Specifically, pre-abort

trajectories have been generated for abort every minute of CM/SM burn. Abort

points along each of these trajectories have been taken for every hour of flight,

after engine cutoff, up to five hours. Aborts at zero hours have been included.

As with Subsection III. A, the graphical results have been grouped

according to the abort parameter studied. The first parameter considered is

the time of flight. Figures 76 to 82 present this time of flight as a function of

the abort velocity impulse for fixed return inclination. In choosing the return

conditions, it was assumed that return flight times between 50 and 90 hours and

inclinations between -40 degrees and 40 degrees would encompass most of the

desirable abort trajectories. This is shown to be the case in Figure 76. The

minimum value of abort velocity impulse Av occurs near the 70-hour returns

for all of the abort points. The effect of the return inclination on these minimum

value is of the second order and will be discussed later. The exception to this

trend is point MI, where Av is more sensitive to varying return inclinations.

Also note that for the velocity capability available, shorter (and perhaps longer)

flight times could have been considered. This is at least true for the pre-abort

trajectories M and N and for the initial abort points on the following pre-abort

trajectories.
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Notable features of the M series of graphs are that the minimum _v's

are essentially constant. Since Mis almost a free return trajectory; i. e.,

hyperbolic with respect to the moon, the pre-abort direction of motion remains

"pointed" at the earth and changes little as a function of true anomaly. As we

go to the N, O, P, Q, R and S orbits which progressively become more circular

with respect to the moon, we can see that larger Av's are required to turn the

pre-abort velocity around to the direction of the earth. Another observation is

given in Figures 76 to 82 which indicate that the longer the deboost thrust con-

tinues, the earlier the abort must be initiated. Thus, Figure 78 indicates that

after three minutes of deboost thrusting, abort must occur within three hours

of engine cutoff. To increase the time between engine cutoff and abort, it is

necessary to remain in elliptical orbit about the moon until the second revolu-

tion when other abort opportunities arise.

Beginning with Figure 80, the results are not presented in the order

of increasing time of abort, but in the order of increasing true anomaly from

deboost. The reason for this is the fact that the pre-abort trajectories have

periods shorter than the abort time s considered. Thus, some hourly abort

points are not in an opportune position to initiate abort. The characteristics of

these abort points may be found in the tables of Section II.

Figures 8B to 89 present the abort velocity displacement angle as

a function of abort velocity impulse: As defined earlier, this is the angle

between the pro-abort and post-abort velocity vectors. Note that for pro-

abort trajectories M and N, this angle remains less than 50 degrees. This

is because the pre-abort trajectory is hyperbolic and close to the nominal

free flight trajectory. As deboost continues, the pro-abort trajectory becomes

elliptical so that aborts near the apocynthion point require large values of 0.

Figures 90 to 96 give the moon centered flight path angle of the

abort trajectory at. the abort point. As expected, this angle is near 90 degrees

for abort points near the moon and decreases as the abort point draws away

from the moon. This is the case for all pre-abort trajectories, elliptic

cases included.

This document contains information affecHng the national defense ii_the _$tates within the meaning of the Espionage Laws, Title
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The earth centered semi-major axis and eccentricity are presented in

Figures 97 to 110. These values, of course, are a strong function of the return

flight time and they exhibit the characteristics of 50 to 90 hour moon-to-earth tra-

jectories; eccentricity for example, ranges between. 96 and unity. Figures III

to lit present the inertial re-entry velocity. All values are within the 40, 000ft/sec

limit as can be expected since the eccentricities presented above do not exceed

parabolic or hyperbolic values.

The re-entry longitudes and latitudes are presented in Figures i18 tol31.

To simplify the graphical results, these parameters were not plotted as a function

of _v, but rather as a function of the time from deboost cutoff to the abort point.

Also, these values were graphed for constant times of return flight and return

inclination. These values may be related to abort velocity impulse by means of

Figures 76 to 82. Note that in all cases, the longitudes vary linearly with the time

of abort. As expected, due to the earth's rotation, the longitude decreases about

15 degrees of every hour delay time in aborting. Only slight variations are notic-

able with changes in the return inclination. The latitudes, on the other hand, are

essentially independent of the time of abort. Also, not too great a change is notic-

able with variations in the time of flight. For all pre-abort trajectories, the

latitudes for minimum, 40 degree and -40 degree inclinations center about

16 degrees, 30 degrees and four degrees, respectively.

In all of the above analyses, only those abort trajectories were con-

sidered where the return inclinations are minimum, -40 degrees or 40 degrees.

The results seem to indicate that these inclinations produce near minimum abort

velocity impulses implying that other values of return inclination need not be

studied. For completeness, a representative abort point was chosen from which

abort trajectories for a number of return inclinations were calculated. The abort

point chosen was 02 and the results are presented in Figure 132. This figure

shows the abort velocity impulse as a function of inclination for constant times of

flight. The negative inclinations indicate that the minimum Av occurs near the

25-degree return inclination. The absolute minimum, which occurs at 25 degrees,

is not significantly different from the minimum or the +40-degree value implying

that all of the above results present near minimum abort velocity impulses.
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Figure _7. Abort Re-entry Velocity (Pre-abort Trajectory S)
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C. Accurac 7 of the Analytic Programs

In order to evaluate the accuracy of the analytic programs used in

generating these results, several check runs have been made with the inte-

gration program. For near earth aborts, three abort points on the reference

trajectory were chosen for comparison; those at the distances of 2, Z0 and 40

earth radii from the earth's center. (The reference trajectory penetrates the

moon's sphere of action at approximately 55 earth radii.) At these three dis-

tances abort trajectories were found in the analytic program and the resulting

abort position and velocity used in the integration program. The comparison

of the re-entry conditions from both programs are shown in Table VI. It can

be noticed that conditions are quite good for both distances of 2 and 20 earth

radii. At 40 earth radii the re-entry flight-path angle and longitude show the

greatest differences. In all cases the re-entry velocity generated by the

analytic program is from i0 to 20 fps lower than the values from the integrating

program. Although values are not shown, the variation in 2_v required to

cause the integrated trajectories to be acceptable would be negligible.

Similar comparisons have been made for the Analytic Lunar Return

Program. As typical examples, pro-abort trajectories M and O have been

chosen. In each case, the three abort points located at l, 3 and 5 hours along

these trajectories were considered and in all cases only the 70-hour flight

times and the 40-degree return inclinations were used. Tables VII and VIII

present the comparisons in the re -entry conditions for straight runs; i. e.,

integration of the analytic abort position and velocity to the re-entry point.

Comparisons in time of flight and inclination are quite good, however, as

expected from previous experience, the variation in re-entry flight-path

angle, latitude and longitude are up to i5 degrees off.

In order to determine the variation in the abort conditions resulting

from acceptable integrated trajectories, these cases were searched in to

satisfy the required re-entry conditions. Variations in the abort velocity,

flight-path angle, azimuth and velocity impulse are shown for these searched

runs. The variation in impulse velocity is consistently near 40 fps.
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IV. CONCLUSIONS

The general velocity demand on the Apollo spacecraft has been calculated

with respect to the possible abort paths emanating from an Apollo LOR mission

reference trajectory and safely re-entering the earth's atmosphere. The study

has been conducted with the aid of analytic (conic and patched conic) computer

programs. Selected examples of these results have been checked for accuracy

by numerical integration but all calculations and results are based on simple

impulsive velocity addition at the abort points. The analysis has been addressed

to the translunar injection, translunar free flight, and hyperbolic deboost phases

of the mission plan.

Because a single reference trajectory has been used to describe the nomi-

nal behavior of the Saturn V and Apollo spacecraft, this abort analysis cannot

be considered a thorough parametric study of all possible situations. However,

several general conclusions can be stated with certainty.

1) There is sufficient Av available for abort at any point on any pre-

abort trajectory arising from premature S-IVB thrust cutoff, so

long as the SM remains operable. In the case where, although the

SM is inoperable, its propellant can be jettisoned before exercising

the LEM stages, admissible abort points are restricted to be away

from the vicinity of perigee. If SM propellant cannot be jettisoned,

the abort points are restricted to be in the vicinity of apogee.

z) The time available to prepare for abort varies from a few minutes to

many hours depending on the selection of an abort point on the trans-

lunar injection pre-abort trajectories. The time factor can be in-

consequential by permitting multiple revolutions in the pre-abort

trajectory.

3) Since the nominal translunar trajectory is such that the spacecraft

would circumnavigate the moon and return safely to earth, no abort

velocity impulse is theoretically necessary at any time. However,

the time of flight to re-entry in this mode (138 hours) can be reduced

by more than a factor of I0 by applying the Av available. The reduc-

tion in flight time afforded is a strong function of Av for small values

and indicates a desirable minimum spacecraft configuration.

4) When returning to earth from pre-abort trajectories arising from

failure of the Service Module propulsion during hyperbolic deboost

at the moon, there is a preferred (from a fuel consumption stand-

point) return time of flight. The Av required rapidly increases

2 ::::o?:'.:;  :7.zi:2o,,h.E.0iono .L.... *i,,.This document contains information affecling !he t e e w • n u18, U.S.C., Section 793 and 794, the tran_misslon I t e person is prohibited by low.
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for flight times shorter or longer than about 70 hours independent
of pre-abort trajectory configuration. However, and of more

significance, the minimum Av occurs at the beginning of the
pre-abort trajectories and indicates that early reaction is desirable.

As opposed to the translunar injection pre-abort trajectories, many
of the abort points in this region of the mission require that, as a

minimum, the unused SM propellant be jettisoned prior to attempting
abort and that the LEM descent stage be operable. This is particu-
larly important for aborts due to failures in the last seconds of

hyperbolic deboost when the pre-abort trajectory will be a tight orbit
about the moon. In this case both LEM stages must be functioning or
return is nearly impossible. The inclination of the return trajectory
has essentially no influence on the velocity demand.
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